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Abstract: A compact input-reflectionless balanced bandpass filter (BPF) with flexible bandwidth (BW) using a three-line 
coupled structure (TLCS) is presented in this paper. For the differential mode (DM), the TLCS is applied to achieve the bandpass 
response; meanwhile, the input coupled-feed line of the TLCS is reused in the input absorption network. This design shows a 
good fusion of the absorptive and BPF sections, effectively reducing the circuit size, and the BWs of the two sections that can be 
controlled separately result in a flexibly controllable DM response BW of the proposed input-reflectionless balanced BPF. 
Detailed analyses of the ratio of the two-part BWs have been given for the first time, which is vital for the passband flatness 
and reflectionless feature. In the codesign of this work, the input-reflectionless DM bandpass response can be optimized easily, 
while wideband common mode (CM) noise absorption is achieved by the input absorption network. To verify the design method, 
a prototype with a compact layout (0.52λ×0.36λ) is designed and measured in the 0‒7.0 GHz range. The DM center frequency 
(f0) is 2.45 GHz with a measured 3 dB fractional bandwidth of 31.4%. The simulation and measurement results with good 
agreement are presented, showing good performance, e.g., low insertion loss (0.43 dB), wide upper stopband for the DM 
bandpass response (over 20 dB rejection level up to 2.72f0), and wideband DM reflectionless and CM noise absorption (fractional 
absorption bandwidth of 285.7%).

Key words: Input-reflectionless filter; Balanced bandpass filter (BPF); Differential mode (DM); Common mode (CM); Three-line 
coupled structure (TLCS)
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1  Introduction

Balanced devices have attracted immense atten‐
tion due to the urgent requirement of immunity to envi‑
ronmental noise, electromagnetic interference, and 
crosstalk (Zhou and Chen, 2017). On this basis, with 
the development of chip technology, many balanced 
circuits have been conceived, such as couplers (Feng 
et al., 2019; Li HY et al., 2019; Zhang ZQ et al., 

2021), power dividers (Shi et al., 2016; Xu et al., 
2019; Yu et al., 2022), diplexers (Li YC et al., 2020; 
Song et al., 2020), and antennas (Cao et al., 2020; 
Kou et al., 2022; Wang et al., 2022). As an impor‐
tant frequency selection component in radio frequency 
(RF)/microwave circuits and systems, the balanced 
implementation of the bandpass filter (BPF) is also 
very important (Chen JX et al., 2016; Bi et al., 2020; 
Feng et al., 2021; Wu DS et al., 2022). For these 
works, desirable common mode (CM) rejection, sharp 
differential mode (DM) roll-off skirt, and compact 
layout are competitive indicators, and they have been 
widely considered. However, the stability of the operat‐
ing system would inevitably be deteriorated by the 
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unwanted DM signals and CM noise returning to 
the source. This issue has attracted ever-increasing 
attention.

Although the traditional adoption of isolators or 
attenuators alleviates the interference due to unde‐
sired reflected signals, it also leads to an inevitable inc‑
rease in size and insertion loss (IL) (Lee B et al., 
2022). Accordingly, the reflectionless technique has 
been explored recently; it can dissipate the reflected 
interference energy inside instead of returning it to 
the source (Morgan and Boyd, 2015; Han et al., 2022). 
Consequently, a large number of single-ended reflec‐
tionless filters have been reported (Morgan and Boyd, 
2015; Gómez-García et al., 2019; Guilabert et al., 
2019; Morgan et al., 2019; Wu XH et al., 2020; Fan 
et al., 2021a, 2021b; Lee J et al., 2021; Xu et al., 
2022; Zhu YH et al., 2022). Based on this, balanced 
BPFs with different types have been developed in 
recent years (Zhang WW et al., 2017; Gómez-García 
et al., 2018; Lin et al., 2019; Lin and Wu, 2020; Yang 
et al., 2020; Zhu Y et al., 2020; Chen X et al., 2021; 
Zhang YF et al., 2022) because balanced topology has 
become popular in modern circuits and systems (Chen 
JX et al., 2016; Shi et al., 2016; Zhou and Chen, 
2017; Feng et al., 2019, 2021; Li HY et al., 2019; Xu 
et al., 2019; Bi et al., 2020; Cao et al., 2020; Li YC 
et al., 2020; Song et al., 2020; Zhang ZQ et al., 2021; 
Kou et al., 2022; Wang et al., 2022; Wu DS et al., 
2022; Yu et al., 2022).

As a common method in the implementation 
of single-ended reflectionless behavior, the topology 
of complementary diplexer based behavior (Gómez-
García et al., 2019; Wu XH et al., 2020; Fan et al., 
2021a, 2021b; Xu et al., 2022; Zhu YH et al., 2022) 
is used in balanced planar BPFs with symmetrical 
DM quasi-reflectionless characteristics (Gómez-García, 
et al., 2018). The multilayered vertical transition struc‐
ture is adopted (Yang et al., 2020) to realize the wide‐
band input-reflectionless response of the DM BPF, 
and its out-of-band DM signals are dissipated by resis‐
tively terminated microstrip branches. In addition, for 
CM absorption, symmetrically loaded resistors are 
used (Zhang WW et al., 2017; Lin et al., 2019; Lin 
and Wu, 2020; Zhu Y et al., 2020). The developed 
balanced BPFs with the characteristic of wideband 
CM noise absorption are introduced (Lin and Wu, 
2020; Zhu Y et al., 2020). Although some efforts have 

been made to absorb DM signals or CM noise, the 
absorption of unwanted DM and CM signals is rarely 
considered at the same time. Recently, balanced BPFs 
(Chen X et al., 2021; Zhang YF et al., 2022) with 
both DM reflectionless and CM absorption have been 
reported. However, the large size is a problematic 
issue. For example, multiple absorption networks in 
parallel with multiple bandpass sections shown in 
Fig. 1a result in a large size, although the filtering per‐
formance is improved (Chen X et al., 2021). However, 
the limitation of the DM absorptive bandwidth (BW) 
still exists because of the mismatch in the out-of-band 
operating ranges. Obviously, it is still a challenge to 
achieve a balanced BPF that can absorb both DM 
reflected signals and CM noise with large absorption 
BW and miniaturized size simultaneously.

To solve the above-mentioned problems, we 
present an input-reflectionless balanced BPF using the 
synthesis method. It has the advantages of compact 
layout and high performance by taking the absorptive 
section (ABSS) and the BPF section into account 
simultaneously in a codesign procedure, as shown in 
Fig. 1b. The shared transmission line (STL) acts not 
only as a key part of the ABSS but also as a coupled-
feed line (CFL) of the BPF section based on the three-
line coupled structure (TLCS). The relationship between 
the passband BW of the input-reflectionless balanced 
BPF and the BWs of the ABSS and BPF section is dis‐
cussed. This has not been mentioned in detail before, 
in either diplexer-based single-end or balanced design 
(Zhang WW et al., 2017; Gómez-García et al., 2018, 
2019; Lin et al., 2019; Lin and Wu, 2020; Wu XH 
et al., 2020; Yang et al., 2020; Zhu Y et al., 2020; 
Chen X et al., 2021; Fan et al., 2021a, 2021b; Xu et al., 
2022; Zhang YF et al., 2022; Zhu YH et al., 2022). 
Meanwhile, the BW design procedure of the proposed 
input-reflectionless balanced BPF is given. In addi‐
tion, the ratio of the two-part BWs and its vital effect 
on the reflectionless performance and DM passband 
flatness are analyzed in detail, which has important 
implications for the diplexer-based reflectionless BPF 
designs. Accordingly, the seamless integration of ABSS 
and TLCS-based BPF section provides a compact layout 
while maintaining good DM filtering performance (such 
as low IL and a wide upper stopband) and wideband 
reflectionless for both DM and CM.
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2  Theoretical analysis and design

The schematic layout of the proposed input-
reflectionless balanced BPF is shown in Fig. 2. The 
whole circuit is symmetrical with respect to plane AA′ . 
It consists of a pair of symmetrical TLCS-based BPFs 
and absorption networks, in which a pair of STLs are 
reused, with the electrical lengths of all coupled lines 
and transmission lines being equal to π/2 (quarter 
waveguide wavelength: λ/4), i.e., θa=θb=θc=θd=π/2 at 
the center frequency (f0=2.45 GHz). Figs. 3a and 3b 
show the DM and CM bisected equivalent circuits 
of the proposed input-reflectionless balanced BPF, 
respectively. Detailed theoretical analysis and working 
mechanism are illustrated as follows.

2.1  Differential mode analysis

The DM bisected equivalent circuit of the pro‐
posed input-reflectionless balanced BPF is shown in 
Fig. 3a. It can be divided into two parts for analysis, 
i.e., ABSS and BPF section.

2.1.1  Absorptive section

For the absorption network, ABSS with double 
lossy stubs is given in Fig. 4, consisting of a λ/4 STL 
with characteristic impedance Zc and two λ/4 lossy 
stubs with characteristic impedances Za and Zb. The λ/4 
lossy stubs can be regarded as transparent at f0; hence, 
the stopband at f0 is provided by the STL. In contrast, 
the out-of-band energy can be absorbed by the lossy 
resistors (Ra and Rb). For the ABSS in Fig. 4, the input 
impedance Zin1 and the reflection coefficient |S11| can 
be given as

Z in1 = ( Ra + jZa tan θa )

//
Zc[ ]Rb + j( Zb tan θb + Zc tan θc )

( Zc − Zb tan θb tan θc ) + jRb tan θc

, (1)

| S11 | = 20 lg
|

|
|
||
| Z in1 − Z0

Z in1 + Z0

|

|
|
||
|

(dB), (2)

where Z0 is the port reference impedance.

Fig. 3  Equivalent circuits: (a) differential mode; (b) common 
mode

Fig. 2  Schematic of the proposed input-reflectionless balanced 
bandpass filter

Fig. 1  Conceptual operation mechanism of the input-
reflectionless bandpass filter: (a) traditional cascaded system; 
(b) fusion design method

Fig. 4  Schematic of the proposed absorptive section with 
double lossy stubs
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Fig. 5 shows the curves of the proposed ABSS 
with various parameters. As illustrated in Figs. 5a‒5f, 
the values of Za, Zb, and Zc affect the BW of the ref‑
lected signals (when Zin1=0, the reflection coefficient 
|S11|=0 dB). Figs. 5e and 5f show that Zc is the pri‐
mary influencing factor to determine the reflection BW 
of the ABSS (BWABSS, i.e., |S11|>−10 dB) in Fig. 4, 
and a higher Zc can develop a smaller reflection BW. 
As Zc increases, the variation trend of reflection BW 
tends to be flat, but the mismatch (i.e., the difference 
between the value of Zin1 and 50 Ω) near f0 rises sharply. 
In addition, the matching performance is affected 
by Za and Rb. A lower mismatch near f0 can be ob‐
tained by a smaller value of Za. In addition, as plotted 
in Figs. 5g and 5h, the matching performances near f0 
and at the second harmonic (2f0) are highly depen‐
dent on Rb, and they increase simultaneously as Rb 
increases. The absorption resistor Ra assembled at the 
input port 1 is equal to Z0 to achieve wideband CM 
reflectionless performance, which will be discussed in 
Section 2.2.

2.1.2  Bandpass filter section

For the BPF section, a compact and easy-to-
integrate TLCS is used. The configuration of the TLCS-
based BPF is shown in Fig. 6a. The widths of the CFLs 
and the center λ/4 resonator are wc and w0, respectively. 

The gap between them is s. For simplicity, the three 
coupled lines are regarded as having equal widths 
(w0=wc). The impedance matrix (Z-matrix) of this six-
port network is given by (Yamamoto et al., 1966)
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Eα = [ − j ( Zoe + Zoo ) cot θ ] /2,

Fα = [ − j ( Zoe − Zoo ) cot θ ] /2,

Eβ = [ − j ( Zoe + Zoo ) csc θ ] /2,

Fβ = [ − j ( Zoe − Zoo ) csc θ ] /2,

Gα = [ − jkcc ( Zoe − Zoo ) cot θ ] /2,

Gβ = [ − jkcc ( Zoe − Zoo ) csc θ ] /2.

(4)

According to Chen CP et al. (2013), the transmis‐
sion response of the symmetric structure can be pre‐
cisely described by mode impedances Zoe, Zoo, and kcc. 
Here, kcc represents the ratio of the coupling coefficient 
of nonadjacent lines (k13) to that of adjacent ones (k12):

kcc = k13 /k12, (5)

Fig. 5  Calculated Re(Zin1) and Im(Zin1) of the proposed absorptive section: (a‒b) with various Za (Zb=80 Ω, Zc=120 Ω, Rb=
150 Ω, Ra=50 Ω); (c‒d) with various Zb (Za=40 Ω, Zc=120 Ω, Rb=150 Ω, Ra=50 Ω); (e‒f) with various Zc (Za=40 Ω, Zb=80 Ω, 
Rb=150 Ω, Ra=50 Ω); (g‒h) with various Rb (Za=40 Ω, Zb=80 Ω, Zc=120 Ω, Ra=50 Ω)
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where k12 and k13 can be obtained by the parasitic coup‑
ling level (C in dB) (Chen JX et al., 2015) between two 
adjacent lines and two nonadjacent lines, respectively.

k12, k13 ≈ 10
− C

20 . (6)

The modal equations for the configuration of BPF 
section using TLCS shown in Fig. 6a can be derived as

I2 = I4 = I6 = V5 =  0, (7a)

V in = V3, (7b)

Vout = V1, (7c)

I in = I3, (7d)

Iout = I1, (7e)

where V and I are the voltages and currents at ports, res‑
pectively. By substituting these conditions into Eqs. (3) 
and (4), the S-parameter matrix (S-matrix) of this two-
port BPF can be directly extracted from the six-port 
Z-matrix as follows:
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S11 =
m2 − n2 − Z 2

0

m2 − n2 + Z 2
0 + 2mZ0

,
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2nZ0

m2 − n2 + Z 2
0 + 2mZ0

,

(8)
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m =− j
2

( Zoe + Zoo ) cot θc +
j
2

( Zoe − Zoo )2

Zoe + Zoo

csc2θc

cot θc

,

n =− j
2

kcc ( Zoe − Zoo ) cot θc +
j
2

( Zoe − Zoo )2

Zoe + Zoo

csc2θc

cot θc

.

(9)

According to Eqs. (3)‒(9), the calculated fre‐
quency response of the TLCS-based BPF is plotted 
in Fig. 6b. There are two transmission zeros (TZs) 
close to the passband due to the cross-coupling k13 of 
two nonadjacent CFLs (kcc≠0). Meanwhile, three trans‐
mission poles (TPs) are generated by the compact 
TLCS (Feng and Che, 2012), which expands the BW 
and improves the flatness of the passband, avoiding the 
requirement of multiple resonators. Furthermore, as 
shown in Fig. 7, the BW can be flexibly adjusted by 
wc and s, and it becomes larger as wc and s decrease. 
To further improve the roll-off skirt of the passband 
on the premise of ensuring passband flatness, an addi‐
tional short stub loaded on the output port CFL, as 

shown in Fig. 8, is proposed. Fig. 9 invalidates that 
the roll-off skirt becomes steeper by this short stub 
(Zd, θd). It can also enhance the flexibility to adjust the 
BW of the proposed BPF (BWBPF, i.e., |S21|>−3 dB) in 
Fig. 8.

2.1.3  Input-reflectionless differential-mode filter design

According to the above analysis, the STL is a key 
factor for determining the BWABSS and BWBPF in this 
codesign. When Zc in Fig. 4 increases, BWABSS de‐
creases; in contrast, when wc in Fig. 6a decreases (cor‐
responding to the increase in Zc), BWBPF increases. To 
obtain good complementarity of ABSS and BPF sec‐
tion, BWBPF can be tuned by s and Zd, while BWABSS 
can be tuned by Za and Zb. As a result, the proposed 
fusion design method shown in Fig. 3a can be easily 
realized to obtain miniaturization and good perfor‐
mance simultaneously.

For the DM bisected equivalent circuits of the 
proposed input-reflectionless balanced BPF shown in 
Fig. 3a, the ABCD matrix of the DM bisected equiva‐
lent circuit can be obtained:

MDM = é
ë
êêêê ù

û
úúúúA B

C D
= M1 × M2, (10)

Fig. 6  Bandpass filter section using TLCS: (a) configuration; 
(b) calculated frequency response
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where M1 is the ABCD matrix of the lossy stub (Za, θa, 
Ra), and M2 is the ABCD matrix of the remaining part 
of the DM half circuits without a lossy stub (Za, θa, 
Ra). They can be expressed as follows (Pozar, 2012):

M1 =
é
ë
êêêê

ù
û
úúúú

              1 0
1/ ( Ra + jZa tan θa ) 1

, (11)

M2 = é
ë
êêêê ù

û
úúúúA2 B2

C2 D2

, (12)

where M2 can be obtained by substituting the condi‐
tions into Eqs. (3) and (4), and the conditions can be 
obtained as

I2 = V5 = 0, (13a)

V4 =− I4 ( Rb + jZb tan θb ), (13b)

V6 =− jI6 Zd tan θd . (13c)

According to Eqs. (10)‒(13), the S-matrix of the 
DM bisected equivalent circuit can be obtained as 
follows:

S11 =
A + B/Z0 − CZ0 − D
A + B/Z0 + CZ0 + D

, (14)

S21 =
2

A + B/Z0 + CZ0 + D
. (15)

Based on this, the calculated DM frequency res‑
ponse can be achieved.

Fig. 10 shows the good reflectionless performance 
when BWABSS is approximately equal to BWBPF. Fusing 
these two parts by reusing the STL, the BW of the 
overall circuit (BWDM, i.e., |Sdd21|>−3 dB) in Fig. 3a is 
smaller than BWBPF and BWABSS. It is interesting to de‐
termine BWDM by BWBPF and BWABSS, which will be 
discussed below. At the same time, other performances, 
such as passband IL and absorption of both DM and 
CM, are evaluated. To facilitate the description of the 
resultant DM BPF, the BW ratio α=BWABSS/BWBPF is 
defined. The calculated DM frequency responses under 

Fig. 8  Configuration of the TLCS-based bandpass filter 
with stub (Zd, θd)

Fig. 9  Variation of frequency responses with/without stub 
(Zd, θd) of the TLCS-based bandpass filter (Zoe=175.2 Ω, Zoo=
63.3 Ω, kcc=0.53)

Fig. 7  TLCS-based bandpass filter design under different 
s and wc with varied fTPs (a) and 3-dB FBWBPF (b)
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different fractional BWABSS (FBWABSS=BWABSS/f0) and 
FBWBPF (FBWBPF=BWBPF/f0) in Table 1, where α=1 is 
fixed, are plotted in Fig. 11. They show good reflection‐
less performances, as expected, which can be easily 
controlled by Za and Zb of ABSS and Zd and s (charac‐
terized by Zoe and Zoo) of the BPF section. From this, 
it can be concluded that BWDM can be flexibly con‐
trolled by different BWABSS and BWBPF. In conclusion, 
BWDM is always less than BWBPF or BWABSS, and as 
BWABSS and BWBPF increase, BWDM increases. As shown 
in Fig. 11, both DM passband flatness and reflection‐
less level are varied, which must be studied to optimize 
the overall performance of the DM filter.

To evaluate the effect of α, case 2 in Fig. 11 is 
chosen for study. Fig. 12 shows the calculated DM 
frequency responses of different cases in Table 2. 
When FBWBPF is fixed at 40%, different values of 
α can be obtained by changing Za and Zb of ABSS, 
and the other parameters are the same as those in 
case 2 in Table 1. The variable Rmax marked in Fig. 12a 
is defined as the maximum reflection in the whole 
band. In addition, the variable PL in Table 2 is defined 
to quantitatively evaluate the passband flatness (i.e., 
distortion at the edges of the passband). The larger 
the PL, the worse the flatness. PL can be given as 
follows:

PL =
3-dB BWDM

1-dB BWDM

, (16)

where 3-dB BWDM (i.e., BWDM) and 1-dB BWDM (i.e., 
|Sdd21|>−1 dB) can be obtained from Fig. 12b. Thus, 
the reflectionless performance and passband perfor‐
mance of the proposed input-reflectionless balanced 
BPF can be represented by Rmax and PL, respectively. 
The curves of Rmax and PL under different α values are 
plotted in Fig. 13. It shows that the balance between 
reflectionless performance and passband performance 
can be adjusted by α. According to the above analysis, 
the following can be concluded:

1. BWDM is flexibly controlled by BWBPF and 
BWABSS. Regardless of the value of α, BWDM is smaller 
than BWBPF and BWABSS.

Fig. 10  Comparison between the calculated differential 
mode frequency response of the proposed input-reflectionless 
balanced BPF and the frequency responses of its ABSS and 
BPF section (Za=26 Ω, Zb=60 Ω, Zc=120 Ω, Zd=120 Ω, Ra=
50 Ω, Rb=150 Ω, Zoe=151.7 Ω, Zoo=80.5 Ω, kcc=0.58)

Table 1  Parameters of the input-reflectionless balanced BPFs (α = 1)

Case

1

2

3

FBWABSS (%)

21.2

40.0

66.1

FBWBPF (%)

21.2

40.0

66.1

3-dB FBWDM (%)

12.24

28.57

44.89

Za (Ω)

20

26

38

Zb (Ω)

25

60

78

Zc (Ω)

120

120

120

Zd (Ω)

120

120

120

Ra (Ω)

50

50

50

Rb (Ω)

150

150

150

Zoe (Ω)

139.1

151.7

166.6

Zoo (Ω)

94.9

80.5

61.5

kcc

0.66

0.58

0.52

Table 2  Parameters of the input-reflectionless balanced BPFs with different α

Case

2a

2b

2

2c

2d

2e

2f

FBWBPF (%)

40

40

40

40

40

40

40

α

0.5

0.75

1

1.25

1.5

1.75

2

FBWABSS (%)

20.4

30

40

50

60

70

80

3-dB FBWDM (%)

15.51

24.08

28.57

31.43

32.24

33.31

34.28

1-dB FBWDM (%)

7.35

13.22

17.96

21.38

23.27

24.89

26.53

PL

2.11

1.82

1.59

1.47

1.38

1.34

1.29

Rmax (dB)

−11.74

−16.22

−16.90

−15.95

−13.07

−11.19

−9.45

Za (Ω)

20

24

26

30

36

40

45

Zb (Ω)

20

40

60

75

80

90

100
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2. When α =1 (e.g., case 2), input-reflectionless 
balanced BPF shows a good reflectionless perfor‐
mance (Rmax=−16.90 dB, which is the optimal value 
in the interval 0.5‒2 of α), and PL=1.59.

3. When α <1, as α decreases from 1 to 0.5 in 
case 2a, Rmax increases to −11.74 dB, which manifests 
a degradation of the reflectionless performance. More‐
over, as shown in Fig. 12b, the passband produces 
severe distortion, which is characterized by PL=2.11.

4. When α >1, the reflectionless performance 
around the passband is affected. When α=1.5 in case 
2d, there is a slight effect on the reflectionless perfor‐
mance (Rmax= −13.07 dB), but the passband perfor‐
mance (PL=1.38) is improved. However, when α=2 
in case 2f, the reflectionless performance deteriorates 
sharply (Rmax=−9.45 dB), although its passband per‐
formance is enhanced (PL=1.29).

5. In summary, when α increases from 0.5 to 1, 
Rmax decreases from −11.74 dB to −16.90 dB, while 
when α increases from 1 to 2, Rmax increases from 

−16.90 dB to −9.45 dB. In addition, PL decreases as 
α increases, which means that the larger α is, the flat‐
ter the passband is. According to Fig. 13, to obtain a 
good compromise between reflectionless performance 
(Rmax<−10 dB) and passband performance (PL<1.5), 
the optimal interval for α is 1.2‒1.9.

In addition, the BWDM and α are determined by 
the parameters Za, Zb, Zc, Zd, Zoe, Zoo, and kcc. Rb in 
Fig. 3a can also be used to further optimize the reflec‐
tionless performance of the proposed filter. Accord‐
ing to Fig. 14, although the matching performance of 
the ABSS near f0 and at the second harmonic (2f0) is 

improved by increasing Rb, as in Figs. 5g and 5h, with 
the varied Rb, passband and reflectionless performances 
have opposite variation trends, and thus a trade-off 
is needed. Specifically, as Rb increases from 50 Ω to 
300 Ω, the reflectionless performance increases (Rmax 
decreases from −5.86 dB to −16.72 dB), but PL in‐
creases from 1.19 to 1.56. Accordingly, considering a 
good compromise between reflectionless performance 
and passband performance, the range of Rb is 50‒150 Ω.

Through the above analysis, the BWABSS and BWBPF 
of the proposed input-reflectionless balanced BPF can 
be easily adjusted to achieve flexible BWDM, and the 
BW ratio α is a significant indicator to achieve both 
wideband DM absorption and good passband perfor‐
mance. In addition, the performance can be easily opti‐
mized by the codesign method.

Fig. 11  Calculated differential mode frequency responses 
of different cases in Table 1 (α=1 is fixed) (References to 
color refer to the online version of this figure)

Fig. 12  Calculated differential mode frequency responses of 
different cases in Table 2: (a) transfer coefficient (|Sdd21|) and 
reflection coefficient (|Sdd11|); (b) |Sdd21| (BWBPF is fixed as 
40% with some parameters being the same as in case 2: Zoe=
151.7 Ω, Zoo=80.5 Ω, Zd=120 Ω, kcc=0.58, Zc=120 Ω, Ra=50 Ω, 
Rb=150 Ω) (References to color refer to the online version 
of this figure)
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2.2  Common mode analysis

When the CM excitation is applied to the pro‐
posed input-reflectionless balanced BPF in Fig. 2, the 
symmetrical plane AA′ is equivalent to a magnetic 
wall. Thus, the CM bisected equivalent circuit can be 
obtained, as shown in Fig. 3b. To obtain wideband 
CM absorption performance, the absorption behavior 
at both DC and 2f0 is a key indicator. At DC and 2f0, 
the λ/4 open stubs (Zb and Zd) and the absorption re‐
sistor Rb loaded in the terminal of CFLs can be regarded 
as transparent, so that most CM noise can be absorbed 
by the absorption resistor Ra. Thus, when Ra=Z0, the 
ideal absorption behavior at both DC and 2f0 can be 
obtained. Meanwhile, Rb in Fig. 3b can be used to opti‐
mize CM absorption and suppression levels. The cal‐
culated CM frequency responses with the same param‐
eters as in case 2d with varied Rb are plotted in Fig. 15. 
As Rb increases, the CM absorption level increases, 

but the suppression level at f0 worsens. Considering 
a good balance between the CM suppression level and 
CM absorption performance, and combined with the 
requirement of DM reflectionless performance, the 
final optimization range of Rb is 100‒150 Ω.

To summarize the above DM and CM analy‐
sis, the main design procedure of the proposed input-
reflectionless balanced BPF is as follows:

1. Determine the center frequency f0 and BWDM. 
According to Fig. 10, the relationship between BWDM 
and BWBPF is BWBPF>BWDM. On this basis, the approx‐
imate BWBPF can be determined from different cases 
in Table 1, and it can be easily achieved by adjusting s 
and Zd of the BPF section.

2. Considering the balance between the DM ref‑
lectionless performance and passband performance, α 
can be determined according to the curves of Rmax and 
PL versus α shown in Fig. 13.

3. Once BWDM, BWBPF, and α are determined, 
BWABSS can be determined. This can be easily achieved 
by adjusting the Za and Zb of the ABSS.

4. Adjust Rb to obtain a wideband DM and CM 
reflectionless behavior, minimize DM passband distor‐
tion, and improve the CM suppression level. Then, 
the optimal range of Rb (100‒150 Ω) can be obtained.

5. After the initial impedance parameters are ob‐
tained by the above design procedure, the proposed 
input-reflectionless balanced BPF can be constructed 
and further optimized by the full-wave High-Frequency 
Structure Simulator (HFSS) once the physical dimen‐
sions are converted by Line Calc calculation in the 
Advanced Design System (ADS).

Fig. 13  Performance of the proposed input-reflectionless 
balanced BPF with varied α in Table 2 (Rmax and PL)

Fig. 14  Calculated differential mode frequency responses of 
case 2d with varied Rb (References to color refer to the online 
version of this figure)

Fig. 15  Calculated common mode frequency responses of 
case 2d with varied Rb (References to color refer to the online 
version of this figure)
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3  Implementation and discussion

For demonstration, the proposed TLCS-based 
input-reflectionless balanced BPF is fabricated on a 
Rogers RO4003 substrate with a relative dielectric con‐
stant εr=3.55, dielectric loss tan δ=2.7×10−3, dielectric 
thickness h=0.813 mm, and metallization thickness t=
0.035 mm. The center frequency f0 is set at 2.45 GHz. 
The design specification of the ripple FBWDM=32% 
is prescribed for the proposed input-reflectionless 
balanced BPF. With the selected BW ratio α =1.5 
and FBWBPF=40%, FBWABSS is 60%. Based on this, the 
optimized parameters (Za=36 Ω, Zb=80 Ω, Zc=115 Ω, 
Zd=125 Ω, Ra=50 Ω, Rb=130 Ω) can be easily obtained 
according to the design procedure in Section 2.2.

Then, the physical model can be built on HFSS, 
and the layout can be optimized. The photograph and 
layout of the proposed filter are shown in Fig. 16. 
The simulation is performed with HFSS, and the mea‐
surement is conducted by the Agilent N5230A network 
analyzer, which is a four-port network analyzer that can 
be used to measure the balanced circuits directly. The 
measured S-parameters are plotted in Fig. 17 along 
with the simulation results for comparison. Although 
the differences between the simulation and measure‐
ment results, such as |Sdd11| and |Scc11|, can be observed at 
approximately 6 GHz, the fractional absorption BWs 
of both DM and CM in the simulation and measure‐
ment are almost the same. The largest deviation comes 
from the simulated and measured |Sdd11|, which would 
be caused by the manufacturing tolerances (e.g., dielec‐
tric constant of the employed substrate and implemen‐
tation of the demonstration board). Overall, the differ‐
ences between the results in Fig. 17 are acceptable. 

For the DM shown in Fig. 17a, the measured FBWDM 
is approximately 31.4%. Meanwhile, the DM absorp‐
tive BW is 285.7%, and the minimum in-band IL (ILmin) 
is 0.43 dB. The improved roll-off skirt is obtained 
by four TZs, which are located at 0, 1.28, 3.28, and 
4.72 GHz. Moreover, the rejection levels of over 20 dB 
at the upper stopband extend to 6.65 GHz (2.72f0). 
For the CM shown in Fig. 17b, it is noted that the 
absorptive BW is also in a wide range (DC to 7 GHz, 
285.7%), and over 18.4 dB CM suppression (|Scc21|) is 
achieved from DC to 4.9 GHz (2f0).

Comparisons with previous reflectionless differen‐
tial BPFs are summarized in Table 3. Gómez-García 
et al. (2018) and Yang et al. (2020) did not consider 
the absorption of the reflected CM noise, which is a 
key factor for stabilizing the RF system. Moreover, 
due to the cascaded topology in Gómez-García et al. 
(2018) and the multi-layered vertical transition struc‐
ture in Yang et al. (2020), the circuit sizes are large. 
Some efforts have been made to consider the absor‑
ption of unwanted DM and CM signals (Chen X et al., 

Fig. 17  Simulation (dashed lines) and measurement (solid 
lines) results of the proposed input-reflectionless balanced 
BPF: (a) differential mode; (b) common mode (References to 
color refer to the online version of this figure)

Fig. 16  Implementation of the proposed input-reflectionless 
balanced bandpass filter: (a) photograph; (b) layout (l=
18 mm, l0=19.25 mm, la=19.85 mm, lb=19.29 mm, ld=20.3 mm, 
w=1.78 mm, w0=0.2 mm, wa=2.9 mm, wb=0.74 mm, wc=
0.28 mm, wd=0.2 mm, s=0.44 mm)
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2021; Zhang YF et al., 2022). DM absorptive BW 
is approximately 275%, and the CM absorptive BW 
reaches 200% (Zhang YF et al., 2022). However, its 
DM upper stopband BW is limited due to the use of 
the λ/2 coupled ring resonator. In contrast, the pro‐
posed filter with a wider upper stopband for DM is 
due to the adoption of the TLCS. To extend the absorp‐
tive BW for the DM and CM, the cascading design is 
used, resulting in an enlarged circuit size and high IL 
(Chen X et al., 2021). As seen from Table 3, the pro‐
posed input-reflectionless balanced BPF has a more 
compact circuit layout due to the syncretic working 
mechanism and the adoption of TLCS. Meanwhile, 
the proposed filter exhibits larger DM and CM absorp‐
tive BWs and lower ILmin due to the design guidelines 
derived from the detailed analysis. In conclusion, the 
proposed differential filter exhibits remarkable DM and 
CM reflectionless performance and filtering perfor‐
mance under the premise of a compact layout.

4  Conclusions

In this paper, a compact input-reflectionless bal‐
anced bandpass filter with a flexible bandwidth is 
presented. It features an innovative conception of the 
fusion design, especially reusing the shared transmis‐
sion lines of the absorptive section and bandpass fil‐
ter section, resulting in a miniaturized circuit and low 
insertion loss. Meanwhile, the three-line coupled struc‐
ture introduces the miniaturization of the bandpass 
filter section with three controllable transmission poles, 
so that BWBPF can be easily controlled. In addition, 
BWABSS and BWBPF can be adjusted independently, 
which is helpful for obtaining flexible BWDM, so that the 
specifications of the differential mode reflectionless 

filter can be realized in practical applications. In con‐
clusion, the proposed input-reflectionless balanced 
bandpass filter caters to the development trend of min‐
iaturization and high performance of wireless com‐
munication equipment, while eliminating the common 
mode and differential mode reflected interference sig‐
nals that are common in the traditional balanced band‐
pass filter, and is an attractive choice for the radio 
frequency front end of the wireless communication 
system.
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